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Abstract Themain objective of this study is to develop a newdesignmethodology that controls damage to
Reinforced Concrete Moment Resisting Frames (RCMRFs). For this purpose, first, a static damage criterion
is developed and, then, the new design procedure is presented. The proposed method is applied to
the design of two reinforced concrete frames subjected to seven earthquake acceleration records. To
confirm the accuracy of the proposed method, inelastic damage analysis is performed on the frames. It is
demonstrated that the proposedmethodology can be very effective and practical for the design of RCMRFs
with damage control.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
The main objective of Performance-Based seismic Design
(PBD) is to control damage to a structure subjected to an earth-
quake. There is a correlation between each structural perfor-
mance level and its corresponding damage to the structure [1].
Four performance levels (or particular damage states) defined
in the literature are: Operational (OP), Immediate Occupancy
(IO), Life Safety (LS), and Collapse Prevention (CP) [2]. The OP
level iswhere a building has sustainedminimal or no damage to
its structural and non-structural components. A building at the
IO level has sustained minimal or no damage to its structural
elements and only minor damage to its nonstructural compo-
nents. A building at the LS level has experienced extensive dam-
age to its structural and nonstructural components. The CP level
is when a building has reached a state of impending, partial or
total collapse [2].
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has a wide range of applications for the analysis and design
of new structures, as well as for the seismic evaluation of
existing facilities [3]. Earthquake ground motion parameters,
such as peak groundmotion and the elastic response spectrum,
although important, by themselves are not sufficiently reliable
to quantify the damage potential of groundmotion. One way to
quantify the degree of damage to a structure is use of a damage
index [4,5].
A damage index is expressed as a combination of the
damage caused by excessive deformation and that caused
by repeated cyclic loading. Several different damage index
expressions are available [6–8], but none of them are widely
applicable, due to their calculus complexity and their time-
consuming and most rigorous procedure. Another way to
quantify the degree of damage to a building framework is
to establish the relationship between damage and inter-story
drift. Inter-story drift is the primary parameter in evaluating
structural performance [9,10], and iswidely regarded as amajor
parameter characterizing the extent of plastic deformation of
a building [11,12]. However, some research shows that this
parameter is an inappropriate and insufficient criterion to
control damage to the structures [13,14].
The main objective of this study is to develop a design
methodology for RCMRFs with control damage. In the devel-
oped method, since nonlinear dynamic damage analysis is not
widely applicable, due to its calculus complexity and its time-
consuming and most rigorous procedure, damage is controlled
using nonlinear static analysis, which is a simple and practi-
cal method for nonlinear analysis. For this purpose, first, some
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using a pushover analysis, and then a design procedure is pro-
posed. The proposedmethod is applied to the design of a seven-
story reinforced concrete frame subjected to seven earthquake
acceleration records. To confirm the accuracy of the proposed
method, inelastic damage analysis is performed on the frame.
It is demonstrated that the proposed methodology can be very
effective and practical for the design of RCMRFs with damage
control.
2. Damage functions
In this study, to estimate damage to a structure using a
simple and efficient criterion, and to present damage functions,
correlation between the Park–Ang damage index [5], which is
named the dynamic index, and the proposed static damage
criterion, which is based on pushover analysis, is determined.
For this purpose, dynamic and static damage analyses are
performed on several concrete frames subjected to various
earthquake acceleration records. Detailed explanation is found
in this section.
2.1. Dynamic damage index
In this research, the damage in reinforced concrete elements
is quantifiedwith the Park–Ang damage index (dynamic index).
This index is modified by Valles et al. [15] according to the
following relation:
DIP&A = θm − θr
θu − θr +
βEh
Myθu
, (1)
where θm and θr are the maximum and yield rotations,
respectively, and θu is the ultimate rotation capacity of the
section.My is the yield moment and β is a constant parameter,
which depends on structural characteristics and the history
of inelastic response. Eh is the hysteretic energy, which
includes cumulative effects of the repeated cycles of inelastic
response [15]. Table 1 presents a calibration damage index
with the degree of observed damage in the structure [16].
Referring to the introduced details for different performance
levels in references, such as ATC40 [17] and FEMA273 [2],
one can approximately consider the Operational Level (OP),
Immediate Occupancy level (IO), Life Safety level (LS) and
collapse prevention level in correspondence with negligible
damage, low damage, moderate damage and severe damage in
the Park–Ang criterion, respectively.
2.2. Static damage index
In this study, an energy damage index (static index) is
proposed and implemented to estimate the damage value
using nonlinear responses resulting from pushover analysis.
The use of dissipated energy by a structure, in studies
undertaken by most researchers, has been implemented to
determine the amount of damage. To implement this index
in the pushover analysis, the energy equilibrium equation
for nonlinear system subjected to earthquake excitation is
considered as follows [18]: u
0
mu¨(t)du+
 u
0
cu˙(t)du+
 u
0
fs(u, u˙)du
= −
 u
0
mu¨g(t)du.Or:
KE+ DE+ SE+ PE = IE, (2)
where KE is the kinetic energy, DE is the damping energy, SE
is the elastic strain energy, PE is the plastic energy and IE is
the input energy, which can all be obtained from the following
equations:
KE =
 u
0
mu¨(t)du, DE =
 u
0
cu˙(t)du,
SE = fs2/2k, PE =
 u
0
fs(u, u˙)du− SE,
IE = −
 u
0
mu¨g(t)du.
It is observed that the input energy to a structure would be
dissipated by four mechanisms including kinetic, damping,
strain and plastic energy [18]. The Plastic Energy (PE) appeared
in Eq. (2) represents the energy that is consumed by permanent
plastic rotation in the beams and columns at time t , and,
consequently, can represent the damage of the structure
under the earthquake [18]. That is, the larger the value
of PE, the more significantly the frame is damaged by the
earthquake. Therefore, the damage index can be defined, based
on the energy stored in the permanent plastic rotations.
Viscous damping dissipates less energy from the inelastic
system, implying smaller velocities relative to the elastic
systems [19]. To develop the energy index in pushover analysis,
considering that the capacity curve resulted from the pushover
method almost represents the envelopes of the structure’s
hysteresis loops, it can be concluded that the area under the
capacity spectrum at the performance point approximately
demonstrates the stored energy at the biggest hysteresis loop in
which a large portion of energy is dissipatedwhen the structure
is subjected to a particular earthquake. By these definitions, this
index can be calculated based on pushover results as below:
DIE = Epp − EipEfp − Eip . (3)
In which Epp is the area under the capacity curve at the
performance point, Eip is the area under the capacity curve
at the point at which the structure enters into a nonlinear
phase and Efp is the area under the capacity curve at the
corresponding pointwith the ultimate capacity of the structure.
To calculate the energy of Epp, first, a bilinear curve is built
at the performance point using the ATC40 criterion [17].
Consequently, the area related to 14 of the hysteresis loop of the
structure (shown in Figure 1) is calculated as follows:
Epp = aydp − dyap. (4)
In this equation, dp and ap are the displacement and acceleration
of the performance point, respectively. Also, dy and ay are
the displacement and acceleration of the yielding point,
respectively. The calculation process of Efp is similar to Epp. Eip
is the area under the capacity curve at the very first cracking
point.
2.3. Design of frame models
To derive the damage functions, fourteen reinforced con-
crete frames, with a various number of stories and bays, as
shown in Figure 2, have been considered. The number of sto-
ries is assumed to be one, three, five, seven, and nine in the
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Degree of damage Damage index Physical appearance State of building
Collapse >1.0 Partial or total collapse of building Loss of building
Severe 0.4–1 Extensive crashing of concrete; disclosure of buckled reinforcement Beyond repair
Moderate 0.25–0.4 Extensive large cracks; spalling of concrete in weaker elements Repairable
Minor 0.1–0.25 Minor cracks; partial crushing of concrete in columns Repairable
Slight <0.1 Sporadic occurrence of cracking RepairableFigure 1: Dissipated energy by damping.
Table 2: Characteristics of the studied frames.
Frame number Height (m) Period Base shear
S5B4 16 0.56 159.8
S8B4 25.6 0.79 202.1
S12B4 38.4 1.07 247.6
S15B4 48 1.27 276.8
S2B5 6.4 0.28 114.1
S4B5 12.8 0.47 173.5
S6B5 19.2 0.64 215.2
S8B5 25.6 0.79 248.3
S10B5 32 0.941 277.76
S1B2 3.2 0.167 22.83
S3B2 9.6 0.38 73
S5B2 16 0.56 94.3
S7B2 22.4 0.72 111.82
S9B2 28.8 0.87 105.52
two-bay frames; five, eight, twelve and fifteen in the four-bay
frames; and two, four, six, eight and ten in the five-bay frames.
The height of each storey is 3.2 m and the length of each bay is
4 m in all frames. It is assumed that all frames lie on a rock site.
These frames are loaded, based on the Iranian seismic Code-
2800 [20], for the zone of intermediate relative seismic hazard.
The distributed dead and live loads of 29,822 and 7848 N/m are
applied to the beams at all the stories. Some characteristics of
the frames have been briefed in Table 2. In the frames in this
table, ‘‘S’’ denotes the number of stories and ‘‘B’’ denotes the
number of bays.
2.4. Earthquake acceleration records
Earthquake acceleration records used in this study are a set
of seven earthquakes selected from a group of twenty records
used in FEMA-440 [21] for site class A, which have a relatively
similar response spectrum in comparison to soil type 1 in
the Iranian seismic code (standard 2800 [20]). All records are
scaled for a periodic range between 0.03 and 2.4 s, to have a
response spectrumwith aminimumdifference from the Iranian
code response spectrum for soil type 1. These ground motionFigure 2: Geometry and names of studied frames.
Figure 3: Average response spectrum of scaled accelerograms.
records are listed in Table 3, and the average of their response
spectrums and the response spectrum of standard 2800 are
shown in Figure 3.
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Earthquake
number
Record Station Component
(deg)
PGA
(g)
1 Imperial valley 286 135 0.195
2 Landers 21,081 90 0.146
3 Loma Prieta 58,131 270 0.06
4 Loma Prieta 58,151 90 0.09
5 Loma Prieta 58,338 45 0.084
6 Northridge 23,590 90 0.056
7 Northridge 90,019 180 0.256
2.5. Damage analysis of the sample frames
To evaluate damage criteria that were proposed in Sec-
tions 2.1 and 2.2, pushover analysis and nonlinear dynamic
analysis were carried out on all sample frames. To determine
the relation between the criteria at a large range of amounts
of damage, five performance levels were considered for each
frame. These levels correspond to the average response spec-
trum, 1.5, 2, 2.5 and 3 times this spectrum. The values of the
static damage criterion were calculated at the performance
levels.
2.6. Correlation between the static and dynamic damage indices
Correlation between the energy damage index (static
criterion, DIS) and the Park–Ang damage index (dynamic
criterion, DID) is determined by comparing damage results of
two sets (static and dynamic criteria). Scatter points on Figure 4
specify this correlation. As seen in Figure 4, the energy damage
index (static criterion) proposed in this research possesses
proper dispersal with the Park–Ang damage index (dynamic
criterion). Considering this outstanding feature, its simplicity
of calculation and the fact that the energy criterion is a global
damage index, this static damage index can be introduced
as a simple and effective criterion. To develop a relation for
estimating the damage index using pushover results, by fitting
a curve, according to Figure 4, the static damage index can
be estimated by a quadratic optimum approximation from the
following equation:
DIS = 1.2758DI2D + 0.2632DID, (5)
where DID is the dynamic index and DIS is the static energy
index. It can be seen in Figure 4 that the sample points are
scattered around the function within a strip bounded between
an upper-envelope and a lower-envelope curve. Although Eq.
(5) can provide optimumvalues for the damage index, itmay, in
some situations, result in an inadequate estimation of damage.
For the purpose of design, considering the safety of the frame
structure, a conservative upper-envelope curve is suggested,
according to the following equation:
DIS = 1.2758DI2D + 0.2632DID − 0.16. (6)
Eq. (6) can be used to conservatively estimate damage. In
addition, a lower-envelope curve can be suggested for some
situations, according to the following equation:
DIS = 1.2758DI2D + 0.2632DID + 0.144. (7)
3. Design methodology
In the proposed design methodology, first, the structure
is elastically designed to resist a moderate design spectrumFigure 4: Relation between static and dynamic damage indices.
and then is modified for the satisfaction of the proposed
damage criterion, subjected to a strong design spectrum. The
design method involves a set of procedures, by which a
building structure is designed in a controlled manner, such
that its behavior is ensured at predefined damage levels
under earthquake loading. At each design stage, some critical
elements, whose strengthening can decrease the global damage
of the structure, are selected for retrofitting. This process
continues until the proposed static damage index of the
structure is less than its allowable value. It must be noted that
the allowable static damage value can be determined from
Eqs. (5) to (7). The use of Eq. (7) results in low safety for the
structure, while high safety for the structure can be achieved
using Eq. (5). To ensure the acceptable safety of the structure,
the allowable damage value must be greater than the value
obtained from Eq. (5) and less than its corresponding value
obtained from Eq. (6). The design methodology of RCMRFs with
damage control, which was developed in this study, can be
carried out using the following steps:
1. Selection of the moderate design spectrum based on a
seismic code and a strong design spectrum.
2. Selection of the maximum allowable dynamic damage
index considering the expected seismic performance level
for the strong design spectrum from Table 1.
3. Calculation of the allowable static damage index range from
Eqs. (5) and (6).
4. Design of the structure for the moderate design spectrum
to elastically satisfy the code design requirements, such as
strength and drift limits.
5. Nonlinear static analysis (pushover analysis) of the struc-
ture and determination of the capacity curve.
6. Determination of the performance point of the structure
subjected to a strong design spectrum using ATC-40
criteria [17].
7. Computation of the static damage index at the performance
point from Eq. (3).
8. Comparison between the static damage index and its
allowable value. If the static damage index is within the
allowable static damage index range obtained from step 3,
the process is stopped, otherwise it continues.
9. Choosing some critical elements of the structure based on
their static dissipated energy and strengthening them.
10. Return to step 5.
4. Evaluation of the proposed method
To evaluate the proposed method for the design of RCMRFs
with damage control, two numerical examples are presented in
this section.
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Figure 6: Average, strong and 2800 design spectrums.
4.1. Application of the proposed design method to a seven-story
frame
In this example, application of the proposed methodology
to a seven-storey and three-bay reinforced concrete moment
resisting frame, as shown in Figure 5, is presented. This frame
is firstly designed based on the moderate design spectrum of
standard 2800 [20], as shown in Figure 3, and then is controlled
to satisfy the expected damage level. The ground acceleration,
as of design standard 2800, is assumed to be 0.25 g. The strong
design spectrum is assumed to be 1.3 times themoderate design
spectrum, as shown in Figure 6. The dynamic damage index is
limited to 0.4, which can almost represent the damage limit of
the life safety level, according to the definition of Table 1. By
substituting the value of 0.4 in Eqs. (5) and (6), the allowable
static damage index range is obtained as 0.15–0.31, that is, the
static damage index must be greater than 0.15 and less than
0.31. This range of damage can guarantee an appropriate design
with the proper safety of the structure. This will be verified in
the next section.
The values of design parameters (dimensions of beams
and columns and reinforcement ratios) for initial designs that
satisfy the strength limits of the elements and the drift limits
of the structure have been shown in Table 4. For the initial
design, the static damage index value calculated using pushover
analysis on a structure subjected to a strong design spectrum is
0.378. This shows that the damage value of the initial design
does not satisfy the damage limit, and so is not acceptable. To
satisfy the damage limit, some elements that had high static
dissipated energy values were strengthened by increasing their
reinforcement ratios during three trial-and-error phases. The
values of the design parameters for the final design that satisfiesFigure 7: Maximumdynamic damage index for initial and final design of seven-
story frame.
all design requirements, including the strength limits of the
elements and the drift and damage limits of the structure, can
be observed in Table 4. The static damage index value of the
final design is 0.26, that is, within the allowable range, and
appropriately satisfies the damage limit.
To check whether the damage is controlled effectively
when the proposed design method is implemented, nonlinear
dynamic analysis was performed on the frame structure
designed against a moderate and a strong response spectrum.
For this purpose, seven acceleration records are chosen, whose
more relevant characteristics are shown in Table 5. Also, 1.3
times their average response spectrumwas considered a strong
design spectrum for the design of the structure in the previous
section. Nonlinear dynamic analysis was performed on the
frame (final design) subjected to seven acceleration records
under consideration, and the dynamic damage index was
calculated from Eq. (1) for each earthquake. Then, the average
of seven maximum dynamic damage indices was computed.
The results of damage analysis are demonstrated in Figure 7. In
these figures, it is observed that some types of ground motion
have produced largely different damage indexes, due to their
different energies. This is due to scaling earthquakes based on
the proposedmethod of using the seismic standard (code 2800)
to generate spectrum-compatible earthquake time histories. It
must be noticed that in recent research some methods have
been developed to generate energy and spectrum-compatible
earthquake time histories [22]. Since these new methods have
not been recommended by existing seismic standards, and the
main objective of the present research is to develop a practical
design method based on these standards, in this study, instead
of these new methods, the method of seismic code 2800 has
been used to generate earthquake time histories.
Figure 7 shows a conservative average dynamic damage
at 0.346 for the final design, as compared to the respective
allowable damage (0.4). The reason for the conservative design
is that the prediction of the static damage index, based on
sample points between optimum and upper-envelope lines,
induces overestimation of the damage. From the viewpoint
of structural safety, such a conservative design result can be
appropriate and acceptable.
In this design example, the difference between the calcu-
lated average dynamic damage index (0.346) and the expected
damage level (0.4) is 13.5%. This indicates that the proposed
method, besides its simplicity and efficiency, has good and ac-
ceptable accuracy in estimating damage to the structure. On
the other hand, inelastic dynamic damage analysis of the initial
frame subjected to the acceleration records results in an average
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Element type Story level Member group Initial member sizes
(mm)
Final member sizes
(mm)
Initial steel ratios Final steel ratios
Width Depth Width Depth Bottom Top Bottom Top
Column
1th C1, C3 500 500 500 500 0.791 0.791 0.900 0.900
C2, C4 500 500 500 500 0.543 0.543 0.652 0.652
2th C1, C3 500 500 500 500 0.543 0.543 0.652 0.652
C2, C4 500 500 500 500 0.543 0.543 0.543 0.543
3th C1, C3 500 500 500 500 0.543 0.543 0.735 0.735
C2, C4 500 500 500 500 0.543 0.543 0.735 0.735
4th C1, C3 450 450 450 450 0.548 0.548 0.787 0.787
C2, C4 450 450 450 450 0.548 0.548 0.787 0.787
5rd C1, C3 450 450 450 450 0.548 0.548 0.787 0.787
C2, C4 450 450 450 450 0.548 0.548 0.787 0.787
6nd C1, C3 350 350 350 350 0.522 0.522 1.087 1.087
C2, C4 350 350 350 350 0.564 0.564 1.062 1.062
7st C1, C3 350 350 350 350 0.881 0.881 0.964 0.964
C2, C4 350 350 350 350 0.564 0.564 0.630 0.630
Beam
1th B1, B2, B3 300 450 300 450 0.440 1.070 0.561 1.190
2th B1, B3 300 450 300 450 0.592 1.318 0.715 1.440
B2 300 450 300 450 0.568 1.288 0.691 1.410
3th B1, B3 300 450 300 450 0.601 1.329 0.723 1.452
B2 300 450 300 450 0.574 1.295 0.695 1.335
4th B1, B3 300 450 300 450 0.535 1.280 0.699 1.525
B2 300 450 300 450 0.504 1.235 0.660 1.480
5rd B1, B3 300 450 300 450 0.414 1.163 0.618 1.366
B2 300 450 300 450 0.389 1.146 0.593 1.594
6nd B1, B2, B2 350 400 350 400 0.293 0.935 0.349 1.007
7st B1, B3 350 400 350 400 0.293 0.718 0.349 0.774
B2 350 400 350 400 0.293 0.705 0.349 0.761Table 5: Ground motion records for seven- and nine-story frames.
Earthquake
number
Record Station Component
(deg)
PGA
(g)
1 Loma Prieta 58,151 90 0.092
2 Loma Prieta 58,151 0 0.078
3 Loma Prieta 58,539 205 0.105
4 Landers 21,081 0 0.115
5 Landers 21,081 90 0.146
6 Santa Barbara 283 222 0.203
7 Northridge 90,019 180 0.256
dynamic damage of 0.48. This indicates that the initial design
is inappropriate and violates the damage limit (0.4). This is the
same result as that achieved by applying the proposed method
in the previous section. It can be concluded that the proposed
static damage criterion in this research can predict the damage
level of both strengthened and un-strengthened structure.
To test the sensibility of global damage to local damage,
damage analysis of the final design of a seven-story frame
subjected to 1.3 times the average spectrum, and also 1.43
times the average spectrum (10% increase in 1.3 times average
spectrum), was again performed. Static damage related to these
spectrums and dynamic damages related to the corresponding
earthquakes was evaluated. For 1.3 and 1.43 times the
average spectrum, the static damage values are 0.26 and
0.38 (46% increase), respectively, and the dynamic ones are
0.346 and 0.465 (34% increase), respectively. The local damage
values of beams and columns, and story damage indices that
were computed using weighting factors, based on dissipated
hysteretic energy, have been shown in Table 6. Also, changes
in the damage indices of elements and stories, with respect to
changing the spectrum from 1.3 times the average spectrum to
1.43 times the average spectrum, have been shown in Table 7.
The results show that by 10% increase in spectrum values,
the value of static damage increases by 46%, while changes inthe values of local damages are variable. In some elements,
such as C3, in the second story, the damage value has been
increased while in some, such as C3, in the fifth story, it has
been decreased. As can be seen in Table 7, the change of damage
values in beam elements is less than that of column elements.
It can be observed that the amount of change in some column
elements, such as C1, in second and third stories is very high,
that is, damage to these elements is highly sensitive to the
intensity of earthquake records. Some elements, such as beams
of the sixth story, B1, and column of the fourth story, C3, almost
show no increase in damage values, and their sensitivities to
damage are very low. Also, changes in the damage values of
stories are very different. Minimum change in damage valued is
related to the sixth story by 23% increase, andmaximumchange
is related to the fifth story by 150% increase.
4.2. Application of the proposed design method to a nine-story
frame
In this example, the design of a nine-storey reinforced
concrete moment resisting frame with an uneven distribution
of stiffness and structural mass, as shown in Figure 8, is
undertaken using the proposed method. The height of all
stories is assumed to be three meters. The length of all bays
is considered to be five meters. Other characteristics of this
frame are assumed to be similar to the seven-story frame in the
previous example. This frame is firstly designed, based on the
design spectrum of standard 2800 [20], and then its damage
level is controlled by the proposed damage index, and the
result is compared to that of dynamic damage analysis. In order
to evaluate the proposed damage index to estimate different
damage levels, the frame is subjected to two different design
spectrums including 1.4 times the average design spectrum
and 1.7 times the average design spectrum. Then, the proposed
static energy damage index and the dynamic Park–Ang damage
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Spectrum Element type Story level 1st 2nd 3rd 4th 5th 6th 7th
Member Park–Ang damage index
1.3
Column C1 0.124 0.017 0.011 0.06 0.014 0.28 0.032
C2 0.07 0.08 0.015 0.072 0.017 0.28 0.14
C3 0.07 0.081 0.017 0.07 0.03 0.28 0.13
C4 0.13 0.11 0.014 0.067 0.018 0.29 0.11
Beam B1 0.26 0.26 0.25 0.17 0.16 0.35 0.39
B2 0.26 0.26 0.25 0.18 0.18 0.36 0.31
B3 0.25 0.26 0.25 0.18 0.16 0.36 0.39
Story 0.12 0.19 0.21 0.16 0.12 0.34 0.34
1.43
Column C1 0.14 0.16 0.06 0.09 0.015 0.282 0.15
C2 0.12 0.15 0.08 0.07 0.029 0.19 0.22
C3 0.08 0.15 0.08 0.07 0.018 0.27 0.32
C4 0.2 0.17 0.15 0.09 0.017 0.291 0.098
Beam B1 0.37 0.37 0.37 0.3 0.24 0.48 0.54
B2 0.31 0.37 0.38 0.32 0.23 0.35 0.35
B3 0.34 0.37 0.37 0.32 0.18 0.48 0.55
Story 0.24 0.26 0.38 0.20 0.30 0.42 0.49Table 7: Change in local damage values of seven-story frame.
Element type Story level 1st 2nd 3rd 4th 5th 6th 7th
Member Percent of change in Park–Ang damage index
Column C1 12.9 841 445 50 7.15 0.71 368
C2 71.4 87.5 433 −2.8 70.5 −32 57
C3 14.28 85.18 370.5 0 −40 −32.14 146
C4 53.8 54.5 971 34.3 −5.5 0.34 −11
Beam B1 42.3 42.3 48 76.4 50 0.34 38.4
B2 19 42 52 77.8 27.8 −2.78 12.9
B3 36 42 48 78 12.5 33 41
Story 100 36 90 25 150 23 44Figure 8: Geometry of nine-story frame.
index were computed. The amounts of the static damage index
for 1.4 times the average design spectrum and 1.7 times the
average design spectrum are 0.22 and 0.32, respectively. The
dynamic damage of the frame under 1.4 times the average
design spectrum is achieved as 0.31 and 0.45 from Eqs. (5) and
(6), respectively. Based on the dynamic damage analysis results,
as shown in Figure 9, the damage amount for this spectrum is
0.29. This shows that the dynamic damage value almost lies on
the optimum fitting curve of Figure 4.
The dynamic damage of a frame under 1.7 times the average
design spectrum is achieved as 0.40 and 0.52 from Eqs. (5)Figure 9: Dynamic damage values of nine-story frame subjected to 1.4 and 1.7
times average spectrum.
and (6), respectively. Based on the dynamic damage analysis
results, as shown in Figure 9, the damage amount is 0.50 for
this case. This shows that the dynamic damage value almost
lies on the upper-envelope curve of Figure 4. It seems that Eq.
(6) gives better estimation of damage for high damage levels
while, for lower damage levels, it is expected that Eq. (5) will
leads to better estimation. That is, for design of a frame for high
damage levels, more safety factors need to be considered. It
must be noticed that additional aspects need to be investigated
to generalize this result. Anyway, it is observed that the damage
values for both spectrums under consideration lie within the
strip bounded between the upper-envelope and the lower-
envelope curve. This shows the ability and efficiency of the
proposedmethod for estimation of damage to frame structures.
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In this research, a new design method was developed for RC
frame structures, based on the control of damage, which keeps
damage under proper control within the expected damage
levels given under the design spectrum. The proposed design
method was applied to a seven floor framed structure and the
desired design was obtained after 3 methods of trial and error.
Also, themethodwas successfully applied to a nine-story frame
with uneven stiffness and structural mass in elevation. In order
to evaluate the accuracy of the method, these structures were
subjected to several acceleration records. It was shown that the
damage indices determined through inelastic dynamic analyses
lie within the strip bounded between the upper-envelope
and the lower-envelope curve. The proposed method can be
applied to design earthquake-resistant structures, predicting
and controlling the damage instead of using traditional design
methods prescribed in most seismic codes.
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